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Previous observations of metastable magnetic skyrmions have shown that close to the equilibrium
pocket the metastable state has a short lifetime, and therefore rapid cooling is required to generate a
significant skyrmion population at low temperatures. Here, we report that the lifetime of metastable
skyrmions in Cu2OSeO3 is extended by a factor of 50 with the introduction of only 2.5% zinc doping,
allowing over 50% of the population to survive when field-cooling at a rate of just 1 K/min. Our
systematic study suggests that the lifetime enhancement is due to the removal of spins by the non-
magnetic dopant, which entropically limits the number of skyrmion decay pathways. We expect that
doping can be exploited to control the lifetime of the metastable SkL state in other chiral magnets,
offering a method of engineering skyrmion materials towards application in future devices.
I. INTRODUCTION
The magnetic skyrmion lattice (SkL) is an example of
a state of matter protected by a topological energy bar-
rier. This barrier arises from the inability to continuously
transform between spin structures with different topolog-
ical charge, N . [1]. This number effectively counts the
number of times the spin direction wraps around a unit
sphere, yielding N = 1 for the skyrmion state, and N
= 0 for the competing, topologically trivial, helical, con-
ical and spin polarised magnetic states. The resulting
energy barrier stabilises the skyrmion state, protecting it
from destruction by small perturbations that cause con-
tinuous deformations in the spin structure, but not from
discontinuous changes, as may be caused by large ther-
mal fluctuations.
In bulk materials, skyrmions are typically observed
in chiral systems such as the B20 structures MnSi [2],
Fe0.5Co0.5Si [3] and FeGe [4] (space group P213), where
the broken inversion symmetry results in an antisym-
metric Dzyaloshinskii-Moriya Interaction (DMI) which
favours canting between neighbouring spins. The compe-
tition of this interaction with the ferromagnetic exchange
and Zeeman interactions produces noncolinear spin tex-
tures such as the helical and conical states. In the pres-
ence of thermal fluctuations near Tc [5], at particular
values of crystal anisotropies [6], or with the addition of
magnetic frustration [7], the magnetic SkL state is ener-
getically favoured, forming a skyrmion lattice in a plane
perpendicular to the direction of an applied magnetic
field. In bulk materials, this lattice has an extended,
string-like structure in the field direction, as illustrated
in Fig. 1(a) [8]. Other skyrmion-hosting chiral mag-
nets include the high-Tc, β-Mn-type Co-Zn-Mn [9] alloys
(P4132) and the multiferroic Cu2OSeO3 [10] (P213) –
the target material of the present study.
The extensive study of skyrmions has in part been mo-
tivated by the observation that they can be moved with
low current densities [11], giving skyrmions prospective
applications in future high-density, ultra-low power mem-
ory devices. In such devices, skyrmions are required
to exist at room temperature and zero applied mag-
netic field, ensuring the preservation of any stored data
while the device is unpowered. The limited extent of the
equilibrium SkL phase in temperature and applied field
therefore presents a significant obstacle which must be
overcome. Metastable skyrmions, which have now been
observed in the Co-Zn-Mn alloys [12–14], MnSi [15–17],
Fe0.5Co0.5Si [18, 19] and Cu2OSeO3 [6, 20], offer distinct
advantages as a candidate for device application. They
are observed to exist over a greatly extended field and
temperature range, including at zero field and room tem-
perature in Co9Zn9Mn2 [13]. Moreover, the reading of
metastable skyrmions, and writing using rapid tempera-
ture control via current pulses, has already been demon-
strated [15]. However, their utility depends upon two
crucial factors: the metastable SkL state must have a
lifetime long enough to prevent data degradation, and
the writing process must reliably produce skyrmions at
feasible cooling rates.
Previous work has suggested that metastable skyrmion
strings unwind by the proliferation and subsequent
motion of magnetic Bloch points, which form where
skyrmion strings either merge together, or break in two,
as illustrated in Fig. 1(a) (1. and 2. respectively) [18].
These Bloch points act as sources or sinks of topological
charge, allowing the skyrmion tubes to unwind into the
competing conical or helical states [21]. It has been spec-
ulated that a key factor in the lifetime of the metastable
state is that these Bloch points are strongly pinned by de-
fects and disorder present in the underlying crystal lattice
[12], propagating only by thermally-assisted creep motion
[17], in a manner similar to the propagation of magnetic
domain walls [22–25]. This effect offers a potential route
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2FIG. 1. (a) Illustration of the vertical, string-like structure
of a hexagonal lattice of Bloch skyrmions. Two scenarios
for the Bloch point unwinding mechanism are displayed. (b)
Schematic diagrams of the zero field-cooling (ZFC) (black)
and field-cooling (FC, FC*) (green, red) measurement pro-
cedures. Solid lines indicate the cooling procedure, while
dashed lines indicate the measurement path. Dotted lines
illustrate the boundaries between the helical (H), conical (C),
and skyrmion (S) phases.
to engineer the lifetime of metastable skyrmions via dop-
ing. In the present study, we quantify the role that the
controlled introduction of non-magnetic zinc ions plays
on the lifetime of metastable skyrmions in Cu2OSeO3.
Our detailed time-resolved AC susceptibility measure-
ments reveal that this both dramatically increases the
lifetime and substantially reduces the cooling rate re-
quired for the formation of the metastable SkL state.
II. METHODS
Polycrystalline Zn-doped Cu2OSeO3 powders were
synthesised by solid state reaction, and single crystals
were then grown using the chemical vapour transport
technique, as detailed in previous work [26]. The elemen-
tal composition composition of the crystals was measured
by Inductively Coupled Plasma Mass Spectroscopy (ICP-
MS). Known masses (∼1-5 mg) of each crystal were dis-
solved in high purity nitric acid (Romil-SpA) and diluted
with high purity water. The resulting solutions were then
analysed using an X-Series 2 ICP-MS (Thermo Scien-
tific), considering all naturally occurring isotopes of Cu,
Zn and Se to monitor the possible presence of impurity
elements and polyatomic species. These measurements
revealed the actual Zn substitution levels of the crystals
selected for this study to be 2.8%, 2.5%, 1.0 % and 0.0%.
To identify the presence of metastable skyrmions, three
contrasting field-temperature procedures were employed:
zero field-cooling (ZFC), field-cooling (FC), and field-
cooling around the equilibrium SkL state (FC*), as illus-
trated in Fig. 1(b). In the ZFC procedure, the sample
was cooled from 70 K down to the final temperature in
zero applied magnetic field (solid black arrow). In the
FC procedure, the sample was cooled in a field of 22 mT,
from 70 K, through the equilibrium SkL state, down to
the final temperature (solid green arrow). In the FC*
procedure, the sample was cooled at 0 mT from 70 K to
50 K. A field of 22 mT was then applied, and the sam-
ple was cooled down to the final temperature (solid red
arrows). After initialising the magnetic configuration of
the sample with these procedures, measurements were
performed with isothermal field-sweeps (dashed black,
green and red arrows). The samples were aligned with
the magnetic field applied along the [111] direction for
all measurements.
Magnetometry measurements were recorded using a
superconducting quantum interference device magne-
tometer (MPMS3, Quantum Design), furnished with the
optional AC magnetometry option. All AC susceptibil-
ity measurements were performed at a frequency of 10
Hz, and an amplitude of 0.1 mT. Samples were mounted
on a quartz rod with GE varnish, and positioned inside
the sample chamber. The Tc of each sample was mea-
sured with magnetisation versus temperature measure-
ments, and were found to be 55.4(1), 56.2(1), 57.4(1)
and 58.8(1) K respectively. Magnetisation versus field
measurements determined that the value of the satura-
tion magnetisation was reduced with the addition of non
magnetic zinc ions, confirming that the Zn ions were sub-
stituted on to the Cu lattice sites.
The broadband microwave absorption spectroscopy
was carried out by using a vector network analyser, with
the sample mounted on a coplanar waveguide as de-
scribed in previous work [27]. At each temperature, the
spectrum of microwave absorption caused by magnetic
resonance, ∆S12(ν) = S12(ν) − Sref12 (ν), was derived by
subtraction of the common background Sref12 (ν) from the
raw transmittance spectrum S12(ν). Here, a spectrum
measured at an applied field of 250 mT was adopted as
the reference spectrum Sref12 (ν) – at this field, the mag-
netic resonance is absent within our target frequency
range from 1 GHz to 6 GHz.
The small angle neutron scattering (SANS) measure-
ments were performed on the D33 instrument at the In-
stitut Laue-Langevin (ILL). The Cu2OSeO3 single crys-
tal was mounted on a 200 µm thick aluminium plate,
positioned inside a ’Blue Charlie’ superconducting mag-
net helium flow cryostat, and aligned with the neutron
beam. Measurements were performed with a neutron
wavelength of 10 A˚ and a collimation distance of 12 m.
SANS patterns shown are the sum of measurements per-
formed in a rocking curve, achieved by rotating the angle
3FIG. 2. (a, b) Microwave absorption spectra measured in the 2.5% sample as a function of applied magnetic field after the FC
and ZFC processes respectively. Magnetic resonances associated with the helical (H±), conical (C±) and spin polarised (SP)
spin structures are labelled. In (a), the counter-clockwise (CCW) skyrmion lattice (SkL) mode is observed. (c) AC susceptibility
measurements performed on the 2.5% sample after FC (green) and ZFC (black) processes. (d) The magnetic phase diagram
of the 2.5% Zn-doped sample measured after FC measurements. The colourmap shows the strength of the SkL CCW mode
measured in the microwave absorption measurements at each temperature and field. The coloured dots show the SkL (red),
helical-conical (yellow) and conical-spin polarised (green) phase boundaries, as determined by AC susceptibility measurements.
of the field and sample relative to the neutron beam by
±5 degrees and measuring for one minute every 0.5 de-
grees.
III. IDENTIFYING METASTABLE
SKYRMIONS
Microwave absorption spectra, measured as a function
of applied field after FC and ZFC to 30 K, are displayed
in Figs. 2(a) and 2(b) respectively. In this technique, mi-
crowaves are absorbed at the characteristic resonant fre-
quencies of the magnetic structures present in the sample
[27–29]. Absorption peaks belonging to the helical (H±),
conical (C±) and spin polarised (SP) magnetic structures
are observed in the response of the sample after both FC
and ZFC procedures. However, there is an additional
absorption mode with positive B-slope in the FC data
which we ascribe to the counter-clockwise (CCW) reso-
nance of the metastable skyrmion lattice [20, 30]. AC
susceptibility, χ’, measured at a range of temperatures
for both FC and ZFC procedures is shown in Fig. 2(c).
There is a clear depression in the measured value of χ’
around 22 mT after the FC process, which is consistent
with the χ’ signal observed for the equilibrium SkL state
[31]. Therefore, we attribute this difference to the pres-
ence of the metastable SkL state. Results from these two
techniques are summarised in the magnetic phase dia-
gram in Fig. 2(d), which demonstrates the large extent
of the metastable SkL phase, compared to the smaller
equilibrium phase (S) (see Appendix). Here, the colour
map plots the peak absorption of the CCW SkL reso-
nance measured at each field and temperature, whilst
the coloured dots indicate the boundaries of the mag-
netic phases as determined by AC susceptibility measure-
ments.
Small angle neutron scattering (SANS) measurements
were employed to confirm our identification of the
metastable SkL state. These measurements were per-
formed on a larger 2.8% Zn-doped sample. With the
magnetic field applied parallel to the neutron beam, Fig.
3(a) displays the sixfold-symmetric pattern characteris-
tic of the hexagonal equilibrium SkL at 54 K, with a
skyrmion spacing of 62.6 ± 0.1 nm. Fig. 3(b) shows
the SANS pattern recorded after FC down to 5 K. The
resulting sixfold pattern confirms the survival of the
metastable SkL state at low temperatures, with a spac-
ing of 63.0± 0.1 nm. Fig. 3(c) demonstrates the absence
of a sixfold pattern at 22 mT after the ZFC procedure
to 5 K, indicating no skyrmions are present, as expected.
Here, the magnetic state is expected to consist of he-
lices aligned to the [100] crystalline axes. However, as no
[100] directions are perpendicular to the neutron beam,
we observe no diffraction intensity. Finally, Fig. 3(d) dis-
plays the SANS pattern measured after FC to 5 K with
the magnetic field applied perpendicular to the neutron
beam. Here, the vertical peaks belong to the metastable
skyrmion lattice, while the horizontal peaks indicate the
coexistence of the competing conical state.
4FIG. 3. (a-d) Small angle neutron scattering (SANS) diffrac-
tion patterns recorded at selected temperatures, after both
field cooling (a,b,d) and zero field cooling (c) procedures, with
the applied magnetic field parallel (a,b,c) and perpendicular
(d) to the incident neutron beam.
IV. LIFETIME OF METASTABLE SKYRMIONS
Once formed, the population of metastable skyrmions
S(t) is observed to follow a decay modelled by a stretched
exponential, with a temperature dependent lifetime,
τ(T ). During this decay process, the real part of the AC
susceptibility, χ′, relaxes from its value in the skyrmion
state to the value in the conical state (see Appendix).
Assuming that changes in the value of χ′ are propor-
tional to changes in the skyrmion population, the time
dependence of the normalised AC susceptibility, χ′N (see
Fig. 7(b)), can be modelled with a stretched exponential
function,
χ′N (t) = −exp
[
−
(
t
τ(T )
)β]
. (1)
Utilising this expression and time-resolved measurements
of χ′N , as shown in Fig. 4(a-c), the lifetime of the
metastable state was measured as a function of temper-
ature for each Zn-doped crystal. Fig. 4(e) displays the
measured values of τ(T ) for each crystal, plotted as a
function of T − Ts, where Ts is the lowest temperature
extent of the equilibrium skyrmion state, taken as 4 K
below Tc for all crystals. It is evident that for a given
T − Ts, the 2.5% crystal has a lifetime longer by a factor
of 50 when compared to the 0% crystal.
The relationship between the lifetime of the metastable
SkL state and the temperature of the sample allows us to
model the measured lifetimes using Arrhenius’ Law [13],
τ(T ) = τ0exp
[−Eb
kBT
]
= τ0exp
[
a
(Ts − T )
T
]
. (2)
Here, the typical activation energy term has been
replaced with the energy barrier Eb protecting the
metastable SkL. As the sample approaches Ts, the height
of Eb, and therefore the lifetime, are reduced. For the
SkL to conical transition, the temperature dependence
of the energy barrier can be approximated as Eb/kB =
a(T − Ts), with a as the linear proportional constant
[15]. Using this framework, and the model of skrymion
strings unwinding via Bloch point formation and motion,
we present two possible ways in which the lifetime of
the metastable SkL state can be increased with doping,
as depicted in Fig. 4(d). In Scenario 1, the value of a
is increased, corresponding to an increase in the energy
barrier which must be overcome to unwind the skyrmion
state. In Scenario 2, the value of τ0 is increased. An im-
portant component of this prefactor, is an entropic cor-
rection, which concerns the available pathways across an
activation barrier [21]. Therefore, if there are fewer avail-
able pathways, the lifetime of the metastable state would
be increased.
We utilise equation 2 to fit the datasets in Fig. 4(e)
and extract the gradient, a, and the intercept, τ0, for
each crystal. Fig. 4f displays these fitted parameters,
plotted as a function of Zn-doping level. It is clear that
a is constant across all the crystals within experimental
uncertainty, with an average value of 95± 3 which corre-
sponds to an Eb/kB of ∼ 5 × 103 K at 0 K. The energy
barrier height is therefore not substantially altered by the
introduction of zinc ions. In contrast, τ0, plotted on the
secondary, logarithmic axis of Fig. 3(f), exhibits a non-
linear increase with Zn-doping, with values of 150 ± 50,
14 ± 4 and 3 ± 1 seconds for the 2.5%, 1.0% and 0.0%
crystals respectively. This suggests that the removal of
spin sites due to the inclusion of non-magnetic Zn ions
may limit the number of available pathways by which the
Bloch points can overcome the energy barrier to unwind
the skyrmion strings. The number of possible spin con-
figurations in a magnetic system typically scales with the
number of spins as a power law, and we may expect that
the number of pathways between two configurations to
also scale as a power law. The dramatic, non-linear, in-
crease of τ0 with doping could therefore be explained by
the expected reduction in the number of available path-
ways as one removes spins from the system.
The fraction of metastable skyrmions which survives
after FC, S0, is related to the cooling rate, k. Because
the lifetime of the metastable SkL state is shortest just
below Ts, cooling through this region slowly results in
a considerable loss of skyrmion population. We inves-
tigated this relationship by measuring χ′ after FC at a
range of k between 0.5 and 40 K/min. The results for
the 2.5% and 0.0% crystals, measured 10 K below Ts, are
plotted in Fig. 5(a,b) respectively (blue-yellow points).
These measurements are contrasted with data measured
after the ZFC (black) and FC* (red) procedures. We
assume that the difference in χ′ between the FC and
FC* processes, ∆χ′ = χ′FC∗ − χ′FC, is proportional to
the population of metastable skyrmions. In Fig 5(c), the
measured value of ∆χ′ at 22 mT is plotted as a func-
tion of cooling rate for all three crystals. For all cooling
5FIG. 4. (a-c) Normalised, time-resolved AC susceptibility measurements at a range of temperatures for the 2.5%, 1.0% and
0.0% crystals respectively. The datasets are fitted with stretched exponential functions. (d) Schematic representations of the
two possible scenarios for increasing the lifetime of metastable skyrmions, based on arguments from Arrhenius Law. (e) The
extracted lifetimes from (a-c) plotted as a function of T − Ts, and fitted with Arrhenius Law, determining values for τ0 and a.
(f) The fitted a and τ0 parameters are plotted as a function of the Zn-doping level.
rates, the value of ∆χ′ in the 2.5% crystal is far greater
than that of the 0.0% crystal, and we therefore infer that
the population of metastable skyrmions is substantially
higher.
In order to estimate the metastable skyrmion popu-
lation in each sample from this experimental data, we
calculated the expected metastable skyrmion population
loss during FC. Our derivation (see Appendix) yields an
expression for the metastable population after cooling
from Ts to the final temperature Tf at a rate of k,
S0 = Siexp
 Tf∫
Ts
−β
T − Ts
(
T − Ts
kτ0exp
[
aTs−TT
])β dT
 , (3)
where Si is the initial population. We use this model, and
the values for β, a and τ0 fitted for each crystal in Fig. 4,
to simulate the evolution of the skyrmion population as a
function of temperature for cooling rates between 0.5 and
40 K/min. The results for the 2.5% and 0.0% crystals are
displayed in Fig. 5(d,e). It is clear that largest popula-
tion loss occurs in the first ∼2 K below Ts, after which
the long lifetime effectively locks in the population. The
final calculated metastable skyrmion population S0/Si
for each crystal at (T − Ts = 10K is plotted as a func-
tion of k in Fig. 5(f). The strong qualitative agreement
between the experimental data in Fig. 5(c) and the sim-
ulated model in Fig. 5(f) suggests that the Arrhenius
model for τ(T ) is valid, and that Eb/kB = a(Ts − T ) is
a reasonable assumption for the relationship between en-
ergy barrier and temperature. These graphs show that al-
though a cooling rate as high as 40 K/min cannot achieve
a metastable population of∼50% in the 0.0% crystal, this
is achieved at cooling rate of just 1 K/min in the 2.5%
crystal.
We have shown that doping Zn ions onto the Cu
sites in Cu2OSeO3 crystals increases the lifetime of the
metastable SkL state. As a result, the cooling rate re-
quired to achieve a substantial metastable population
when field-cooling is greatly reduced. Our analysis of
lifetimes measured as a function of temperature suggests
that the removal of spins caused by the substitution of
the magnetic Cu ions with non-magnetic Zn ions is re-
sponsible for this increased lifetime, limiting the number
of available pathways by which the metastable skyrmion
strings can unwind. We expect that this effect can be ex-
ploited to engineer the metastable SkL lifetime in other
doped skyrmion-hosting systems.
6FIG. 5. (a, b) AC susceptibility, χ′, plotted as a function of applied magnetic field for the 2.5% and 0.0% Zn-doped samples
respectively, measured after ZFC (black) and FC* (red) procedures at 10 K below Ts. Multiple FC datasets are also shown,
measured after different cooling rates between 0.5 (blue) and 40 (yellow) K/min. (c) The difference between the FC and FC*
χ′ data, ∆χ′, measured at 22 mT in all samples, plotted as a function of cooling rate. (d, e) The simulated evolution of the
metastable skyrmion population for the 2.5% and 0.0% crystals, plotted as a function of temperature below Ts at different
cooling rates, calculated using values for a and τ0 from Fig. 3. (f) The final simulated population of metastable skyrmions at
10 K below Ts, plotted as a function of cooling rate for all three samples. The circles show the simulated values at the same
cooling rates measured in (c).
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APPENDIX
Figs. 6(a) displays one of the microwave absorption
spectra used to plot the phase diagram in Fig. 2(d)
for the 2.5% sample. After FC at 22 mT to 30 K,
absorption spectra were measured between -20 and 120
mT, ∆S12(ν). After the background subtraction, each
spectrum was fitted using multiple Lorentzian peaks
(coloured lines). This is demonstrated in the spectra
plotted alongside each colourmap, which display the data
(black) along with the fitted Lorentzian peaks. Fig.
6(b) displays the microwave spectra when measuring a
field sweep at 54 K, passing through the equilibrium
SkL phase, again fitted with Lorentzian peaks. At this
temperature, the H± and C± resonances are indistin-
guishable. The fitted peak height of the CCW SkL reso-
nance at each temperature and field was used to plot the
colourmap in Fig. 2(d).
Fig. 7(a) displays AC susceptibility data measured at
50 K in the 2.5% sample after both FC (green) and ZFC
7FIG. 6. (a) Microwave absorption spectra measured on the
2.5% sample as a function of field at 30 K after FC (left panel).
Individual spectra measured at each field, with peaks belong-
ing to the metastable SkL (red) H/C- (green) and H/C+
(blue) resonances fitted with Lorentzian functions (right). (b)
Microwave spectra recorded as a function of field after ZFC
to 54 K (left). The CCW SkL peak here is the equilibrium
SkL phase. Peaks belonging to the SkL (red) H/C (blue)
resonances are fitted with Lorentzian functions (right).
(black). The red arrow indicates how the AC suscepti-
bility χ′(t) relaxes as the metastable SkL state decays
into the conical state with time. The time evolution of
the metastable skyrmion population follows a stretched
exponential function,
S(t) = S0exp
[
−
(
t
τ(T )
)β]
. (A1)
By assuming that changes in χ′(t) are proportional
to changes in S(t), we can model the evolution of
the AC susceptibility data with χ′(t) = χf + (χ0 −
χf )exp [− (t/τ(T ))], where χ0 is the initial value of χ′
at t = 0, and χf is the value the system is tending to
at t = ∞. In the main text, this is simplified by nor-
malising the AC susceptibility, as shown in equation 1.
The raw data measured in one lifetime measurement is
displayed in Fig. 7(b). Using the above equation, the
data has been fitted to extract values of τ and β. The
parameter β gives an indication of the spread of lifetimes
in the sample, and was found to be between 0.4 and 0.6,
depending upon the sample and temperature.
To simulate the loss of metastable skyrmion popula-
tion as the sample is cooled, we derived the following
model. We begin with the expression for a population
of metastable skyrmions, S, decaying over time t with a
FIG. 7. (a) AC susceptibility, χ′ measured as a function of
applied magnetic field after ZFC (black) and FC (green) at
50 K in the 2.5% crystal. The expected relaxation of χ′ the
metastable SkL decays is illustrated by the red arrow. (b)
The value of χ′(t) measured at 50 K in the 2.5% sample is
plotted as a function of time. The data was fitted using the
stretched exponential shown.
temperature dependent lifetime τ(T ), as shown in equa-
tion (4). Unlike a standard exponential function which
is self-similar, when β 6= 1 the shape of a stretched ex-
ponential function changes with time. To account for
this, we consider the population decay during the cool-
ing process as a series of time steps with duration ∆t,
each starting at a time tn = n∆t. For a single time step,
this gives,
Sn+1
Sn
=
exp
[
−
(
tn+∆t
τ(T )
)β]
exp
[
−
(
tn
τ(T )
)β] . (A2)
It follows that the final population, Sf , afterN time steps
is a product series,
Sf = Si
N∏
n=1
exp
[(
tn
τ(T )
)β
−
(
tn + ∆t
τ(T )
)β]
, (A3)
Sf = Siexp
[
N∑
n=1
(
tn
τ(T )
)β
−
(
tn + ∆t
τ(T )
)β]
. (A4)
8We now define the sum inside of the exponential function
to be g(t), and take the limit as ∆t→ 0,
lim
∆t→0
g(t) = lim
∆t→0
N∑
n=1
(
tn
τ(T )
)β
− lim
∆t→0
N∑
n=1
(
tn + ∆t
τ(T )
)β (A5)
Performing a Taylor expansion of the second term
around ∆t = 0 yields,
lim
∆t→0
g(t) = lim
∆t→0
N∑
n=1
(
tn
τ(T )
)β
− lim
∆t→0
N∑
n=1
[(
tn
τ(T )
)β
+ β
∆t
tn
(
tn
τ(T )
)β]
+O2.
(A6)
The higher order terms of ∆t2 are infinitesimally small
as ∆t→ 0 leaving,
lim
∆t→0
g(t) = − lim
∆t→0
N∑
n=1
β
∆t
tn
(
tn
τ(T )
)β
(A7)
lim
∆t→0
g(t) = −β
∫ tf
0
1
t
(
t
τ(T )
)β
dt, (A8)
where tf is the time at the end of the cooling process. Fi-
nally, we substitute back into our equation for Sf , to find
an expression for the population of metastable skyrmions
as a function of time,
Sf = Siexp
[
−β
∫ tf
0
1
t
(
t
τ(T )
)β
dt
]
. (A9)
In our analysis, we assume that the lifetime depends
upon the temperature of according to our modified Ar-
rhenius’ law,
τ(T ) = τ0exp
[
a
(
Ts − T
T
)]
, (A10)
where Ts is the lowest extent of the equilibrium skyrmiom
phase in temperature. With a linear cooling rate, k <
0, starting at T = Ts, we can write T = Ts + kt. We
substitute equation (8) into equation (7), and perform a
change of variables from t to T to reveal the dependence
of Sf on the cooling rate k,
S0 = Siexp
 Tf∫
Ts
−β
T − Ts
(
T − Ts
kτ0exp
[
aTs−TT
])β dT
 ,
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